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Zika virus (ZIKV) infection during pregnancy is associated with a spectrum of developmental impairments known
as congenital Zika syndrome (CZS). The prevalence of this syndrome varies across ZIKV endemic regions, suggesting
that its occurrence could depend on cofactors. Here, we evaluate the relevance of protein malnutrition for the
emergence of CZS. Epidemiological data from the ZIKV outbreak in the Americas suggest a relationship between
undernutrition and cases of microcephaly. To experimentally examine this relationship, we use immunocompetent
pregnant mice, which were subjected to protein malnutrition and infected with a Brazilian ZIKV strain. We found
that the combination of protein restriction and ZIKV infection leads to severe alterations of placental structure and
embryonic body growth, with offspring displaying a reduction in neurogenesis and postnatal brain size. RNA-seq
analysis reveals gene expression deregulation required for brain development in infected low-protein progeny.
These results suggest that maternal protein malnutrition increases susceptibility to CZS.

INTRODUCTION

By the end of 2015, a severe Zika virus (ZIKV) outbreak in the
Americas was followed by a steep increase in primary microcephaly
(1). The causal relationship between ZIKV and brain malformations
was confirmed by in vitro studies showing that ZIKV exposure
directly infects human neural progenitors (2, 3) and impairs the
growth of three-dimensional differentiating cultures (3) while
altering genes (2) and proteins related to cell cycle arrest (4). In
vivo, vertical ZIKV transmission was modeled mainly by using
immunocompromised mice, which are susceptible to this viral
infection (5, 6). Severe reduction of brain size is considered the
hallmark of what is now called the congenital Zika syndrome
(CZS), a collection of developmental malformations associated
with ZIKV’s congenital infection such as ventriculomegaly, cal-
cifications, corpus callosum agenesis, lissencephaly, and retinal
abnormalities (7).

As with other STORCH (syphilis, toxoplasmosis, others, rubella,
cytomegalovirus, and herpes virus) pathogens, ZIKV infection during
pregnancy leads to birth defects in some but not all affected mothers.
Approximately 6 to 12% of infected pregnancies will result in CZS
(8). The distribution of CZS in human populations, however, is
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asymmetrical (9). In Brazil, which has reported ~95% of all CZS
cases (1) and where ZIKV has severely affected multiple states, most
occurrences of CZS (~75%) were found in the disadvantaged socio-
economic region of the Northeast (I, 10). Epidemiological surveys
showed that, even within Northeastern communities, ZIKV-related
microcephaly was most prevalent in those areas with the lowest
socioeconomic status (11). Hence, cofactors are likely to play a key
role in modulating ZIKV infection’s severity and the level of develop-
mental impairment.

Malnutrition is considered one of the most critical causes of
immunodeficiency worldwide (12), as it can substantially increase a
host’s susceptibility to an infection and amplify pathogenesis severity
(13). An insufficient intake of protein can be a form of undernutrition
and is a widespread problem in low-income populations, which have
limited access to more expensive food components (14).

Here, by analyzing epidemiological data collected in Brazil
from the ZIKV outbreak period, we found a significant prevalence
of microcephaly in states where undernutrition is more frequent.
To experimentally assess this correlation, we developed a mouse
model using immunocompetent pregnant females, which were in-
fected with ZIKV at the peak of embryonic neurogenesis and were
exposed to protein restriction before and during gestation. Using
this undernourished mouse model, we identified that there is
robust and persistent ZIKV infection in the spleens of under-
nourished mothers, in contrast to controls. We also found severe
alterations of placental structure and embryonic body growth
compromise in addition to the decline of embryonic neurogenesis
and reduction in brain size of newborns. From RNA sequencing
(RNA-seq) analysis, we conclude that the significant differences in
the regulation patterns of key pathways and particular genes iden-
tified within developing brains reflect how a poor nutritional
status increases the adverse effects of ZIKV infection. Together,
these data provide important new clues to understand the impact
of environmental cofactors and, particularly, nutrition in the
emergence of CZS.
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RESULTS nourishment (r = 0.4, P = 0.05) (Fig. 1A). Since this correlation,
Microcephaly during ZIKV Brazilian outbreak is more although significant, is subtle, we used a probabilistic simulation
prevalent in regions where undernutrition is endemic approach to test whether the observed pattern is significant. The ob-

First, we explored the potential relationship between undernutrition  served correlation coefficient resulted in 7 = 0.4, and the P-adjusted
and microcephaly associated with ZIKV through correlation analysis  value derived from the Monte Carlo simulation was 0.028 (fig. S1).
using the Brazilian Ministry of Health’s integrated data bank. We  In other words, this result supports the positive correlation identified
focused on those states that occupied the tropical part of the country ~ between cases of microcephaly and undernutrition within the dataset,
(24 of the 27 Brazilian states) since ZIKV has been more frequent  suggesting that states characterized by a higher number of cases with
there because of the abundance of its main vector, the Aedes mos-  undernutrition over the past decade also exhibit more patients with
quitoes. To study the hypothesized relationship, we then considered  microcephaly since the emergence of CZS in Brazil (Fig. 1A and
the number of cases of microcephaly that were confirmed and those  table S1). Note that CZS cases are concentrated in some regions,
still under investigation in the relevant states between 2015 and 2018  although ZIKV infections were spread broader (fig. S2), confirming
and quantified the number of undernourished patients admitted to  the asymmetrical geographical distribution previously reported (9).
hospitals for the same states between 2009 and 2018. Considering To examine this association in more detail, we interviewed 83
this catchment area, a significant positive correlation was found to  mothers of children with CZS from Cear4 state (northeast of Brazil)
exist between cases of microcephaly and occurrences of under-  about their dietary consumption during pregnancy. They were asked
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Fig. 1. Protein malnutrition reduces maternal body weight and enhances ZIKV load. (A) Relationship between undernutrition, measured as the number of hospital-
ized cases due to any undernutrition, and microcephaly cases that were confirmed or under investigation in Brazil since the first American ZIKV outbreak. Taking into
consideration the data of 24 tropical states, a significant positive correlation was found between these variables (Pearson correlation: *r= 0.4, P-adj = 0.028). Each symbol
represents a Brazilian tropical state. Geographical regions to which these states belong are indicated. hab, inhabitants. (B) Distribution of daily protein consumption of
interviewed mothers with CZS children. Those that were under the recommended amount of protein intake are in gray, and those who achieved values above recommen-
dations are in black. Those mothers considered under protein restriction consumed 53.86 + 5.49 g/day on average. Red lines indicate the daily average protein intake for
the Northeast region (solid line) and particularly for the state of Ceara (dashed line). Mothers from Cearéd have a mean protein intake significantly larger than CZS inter-
viewed mothers (t=-7.5, P<0.001). (C) Schematic description of experimental groups and infection protocol. Wild-type dams were divided into control (Co) diet and
low-protein diet (LP), and at E12, they were intraperitoneally injected either with 108 PFU of a Brazilian ZIKV strain from a stock with 3.4 x 10° PFU/ml (injected volume,
295 pl) or with the supernatant of Aedes albopictus C6/36 cells (Mock). PO, postnatal day 0. (D) Quantification of maternal body weight during pregnancy (n of dams per
group: Co/Mock, 8; Co/ZIKV, 6; LP/Mock, 8; and LP/ZIKV, 11). Differences in maternal weight were only registered at E15 [Kruskal-Wallis, 11.375 (**)] [multiple comparisons
with Mann-Whitney U: Co/Mock versus Co/ZIKV, Z=0.000, Co/Mock versus LP/Mock, Z=—-1.892; Co/Mock versus LP/ZIKV, Z=-2.522 (**); Co/ZIKV versus LP/Mock,
Z=-2.027 (*); Co/ZIKV versus LP/ZIKV, Z=-2.720 (**); and LP/Mock versus LP/ZIKV, Z=-0.496]. Total leptin (E) and insulin-like growth factor 1 (IGF1) (F) maternal serum
levels were measured by specific murine enzyme-linked immunosorbent assay (ELISA) at E15. The levels of both hormones were significantly lower only in LP groups than
in Co diet groups [n per group: Co/Mock = 4; Co/ZIKV = 4 (leptin)/3 (IGF1); LP/Mock = 4; and LP/ZIKV = 3] [Kruskal-Wallis (leptin), 10.617 (*); multiple comparisons with
Mann-Whitney U: Co/Mock versus LP/Mock, Z=-2.309 (*); Co/Mock versus LP/ZIKV, Z=-2.121 (*); Co/ZIKV versus LP/Mock, Z=-2.309 (*); and Co/ZIKV versus LP/ZIKV,
Z=-2.121 (*)] [Kruskal-Wallis (IGF1), 9.967 (*); multiple comparisons with Mann-Whitney U: Co/Mock versus LP/Mock, Z=—2.309 (*); Co/Mock versus LP/ZIKV, Z=-2.121
(*); Co/ZIKV versus LP/Mock, Z=-2.121 (*); and Co/ZIKV versus LP/ZIKV, Z=—-1.964 (*)]. The error bar represents mean + SD. (G) Viral load was quantified by RT-qPCR on
E15 maternal spleen and expressed as ZIKV RNA copies per gram (n of dams per group: Mock = 4; Co/ZIKV = 4; and LP/ZIKV = 5). High levels of ZIKV RNA were found in
most of LP/ZIKV spleen tissues [Mann-Whitney U: Co/ZIKV versus LP/ZIKV, Z=—-2.147 (*)]. *P < 0.05, **P <0.01, and P> 0.05.
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to indicate how many times a week they ate different types of foods.
From these reports, the daily consumption of each macronutrient
was estimated. We found that 37.35% of participants had a protein
intake below 61 g/day (Fig. 1B and table S2), which is considered a
protein-deficient diet for pregnant women (15). This is in agreement
with previous studies that have identified the differential prevalence
of maternal protein malnutrition in Brazilian regions such as the
Northeast (27.3%) (16), the Southeast (12%) (17), and the South
(2.85%) (18). Compared to data from the Brazilian Institute of
Geography and Statistics [Instituto Brasileiro de Geografia e Estatistica
(IBGE)], on average, the protein intake in our sample is 64.14 g/day,
lower than the reported state and regional values, 69.54 and ~71.00 g/day,
respectively (Fig. 1B). The difference between the mean protein intake
from the surveyed mothers of CZS babies and the reference for
Cear4 state is statistically significant (Fig. 1B). Furthermore, the
overall distribution of protein intake levels in the survey is skewed
toward lower levels. On the basis of these results, the relative risk
was estimated by using the odd ratio formula, which compares the
proportion of cases under or above the suggested protein intake of
the interviewed mothers against that referenced by Ceara state. The
resulting odd ratio of 1.5 indicates that there is a trend for CZS to be
more probable in the protein-restricted group than in the well-nourished
group of mothers (table S3). However, confidence intervals for the
95% of the distribution are 0.96 to 2.34, and the odd ratio estimate
(1.5) results in a marginally significant P value (0.07).

ZIKV infection results in higher viral load and reduced body
weight in undernourished pregnant mice

To experimentally investigate the relationship between protein
malnutrition and CZS, we used wild-type C57BL/6 females. These
were either maintained on a standard mouse diet (Co) or shifted to
a low-protein diet (LP) 7 to 10 days before mating and throughout
gestation. At embryonic day 12 (E12), dams were injected intra-
peritoneally with 10° plaque-forming units (PFU) of Brazilian ZIKV
or the supernatant of noninfected Aedes albopictus C6/36 cells, Mock
(Fig. 1C). Dams did not differ significantly in body weight by E12,
but LP mothers at 3 days post-infection (dpi) showed significantly
less weight in comparison to control diet groups (table S4 and Fig. 1D).
In particular, LP/ZIKV dams had significantly less body weight than
Co/Mock and Co/ZIKV (P < 0.01), while LP/Mock significantly dif-
fered from Co/ZIKV (P < 0.05) (Fig. 1D). To confirm protein under-
nutrition, we measured levels of leptin and insulin-like growth factor 1
(IGF1) in maternal serum at E15 through enzyme-linked immuno-
sorbent assays (ELISAs). As expected, both hormones showed signifi-
cantly lower levels in LP than in control diet groups (Fig. 1, E and F).
To measure the maternal viral load, we processed spleen samples
from the different groups and performed reverse transcription
quantitative polymerase chain reaction (RT-qPCR) 3 dpi (Fig. 1G).
LP/ZIKV maternal spleens showed increased viral load 3 dpi, while
the virus was not detected in Co/ZIKV.

The placenta is affected after ZIKV and protein

restriction exposure

As recent in vivo studies have shown that embryonic growth impair-
ment could be at least partly explained by the placental injury
(6, 19-21), we examined some aspects of this organ in our mouse
model at E15 (Fig. 2). Both infected groups displayed a similar pro-
portion of placentas with detectable viral RNA by RT-qPCR (Fig. 2B
and fig. S3). ZIKV in the placental tissue was also localized using
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anti-nonstructural protein 1 (NS1) and anti-double-stranded RNA
(dsRNA) (J2) antibodies. NS1 is present in both Co/ZIKV and LP/
ZIKV placentas, similar to the RT-qPCR analyses, although the ZIKV
labeling is stronger in LP/ZIKV (fig. S4). Moreover, in LP/ZIKV
placentas, J2-positive cells are colabeled with isolectin B4 (IB4), a
marker of endothelial cells that, specifically in the placenta, reacts to
labyrinth epithelial cells (fig. S5). In addition, negative strand-specific
RT-qPCR assays were performed to quantify detectable replicative
intermediate negative-strand RNA differences among the LP/ZIKV
and Co/ZIKV groups. We found that LP/ZIKV placentas had a higher
amount of negative-strand RNA than Co/ZIKV (fig. S5). Together,
these results suggest that viral replication is higher in the placentas
of the undernourished animals compared to control diet group.

At E15, some placentas showed abnormal labyrinth architecture:
in the same blood space, both anucleated maternal red blood cells
(RBCs) and nucleated embryonic RBCs were found (Fig. 2, A and C).
This sign of vasculature damage was found in all the LP/ZIKV
placentas (1 =9) and in a small portion (two placentas) of the total Co/
ZIKV (n = 8), while it was absent both in Co/Mock (n = 5) and LP/Mock
(n=5). Furthermore, conspicuous areas of necrosis in the labyrinth
were found in 55.5% of LP/ZIKV placentas (Fig. 2D). This histo-
pathological feature was absent in the other groups (fig. S6). Last,
we also found, in 44.4% of the LP/ZIKV placentas, hemorrhagic areas
in the labyrinth, as illustrated in Fig. 2D. Together, cellular and
molecular placental changes in LP/ZIKV indicate that a differential
response is triggered in females when the effect of protein restriction
diet and ZIKV infection are combined.

Embryonic body growth and neurogenesis is compromised
by the interaction of protein malnutrition and ZIKV infection
The foregoing data demonstrate that maternal malnutrition associated
with ZIKV infection impairs the placental structure. To determine
whether the offspring development is affected in this context, we
first analyzed morphological outcomes in embryonic life (E15). No
significant differences were found in the size of the litters or the
sporadic embryonic reabsorptions. As expected, we found that body
weight at E15 is not compromised in noninfected LP pups (Fig. 3A).
It is known that maternal protein undernutrition affects pup body
weight only in later life (22). In contrast, ZIKV infection in the LP
group results in a significant difference compared to the Co/Mock
group (Fig. 3A). The body weight variance of LP/ZIKV displays a
bimodal pattern, in which approximately half of the specimens
showed growth restriction (Fig. 3A), statistically different when
compared with the other groups (P < 0.001).

In addition to general growth restriction, we analyzed the viral
load and morphological abnormalities in the E15 and E18 brains.
RT-qPCR analysis of embryonic E15 brains revealed that both Co/
ZIKV and LP/ZIKV have detectable viral load (fig. S7). At E18, brains
from Co/ZIKV and LP/ZIKV displayed comparable viral loads,
although two LP/ZIKV specimens from the same litter presented
higher ZIKV RNA levels than Co/ZIKV (fig. S7). Using immunocy-
tochemistry, we found colocalization of NS17 cells with microglial
ionized calcium-binding adapter molecule 1 (Ibal") cells and endothelial
CD31" cells in the E15 brain both of Co/ZIKV and LP/ZIKV (figs. S8
and S9). However, abundant macrophage/microglia cells (Ibal ™ cells) were
found especially in the lateral ventricles of the LP/ZIKV group (Fig. 3B),
reflecting a local response to congenital infection. ZIKV-infected cells
(J2") are found in LP/ZIKV specimens colocalized with IB4" cells, a marker
of endothelial and microglial cells in the brain (23) within the ventricular
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Fig. 2. Placental alterations 3 days after ZIKV infection in LP group. (A) Schematic representation of a placental structure. Normal labyrinth structure is characterized
by separate maternal sinus with anucleated erythrocytes and embryonic capillaries with nucleated blood cells. (B) Viral load in the placentas was quantified by RT-gPCR
(n per group E15: Mock = 13; Co/ZIKV = 10; and LP/ZIKV = 11; placentas were derived from five independent litters in each group). Lines indicate the geometric mean.
Detectable viral RNA was found in 40% of Co/ZIKV placenta and in ~50% of LP/ZIKV placentas. No statistically significant difference in the amount of viral RNA was detected
between means of Co/ZIKV and LP/ZIKV (P> 0.05). (C) Analysis of placental sections with hematoxylin and eosin (H&E) staining. Representation of altered labyrinth mor-
phology with nucleated (embryonic, arrow) and anucleated (maternal, arrowheads) blood cells sharing the same vascular spaces found in LP/ZIKV placentas is shown.
Scale bar, 20 um. (D) Necrotic areas were identified in the spongiotrophoblast of some LP/ZIKV cases (top), with abundant examples of pyknosis and karyorrhexis, suggesting
the occurrence of this degenerative process. In addition, an example of the hemorrhagic area found in the LP/ZIKV labyrinth is shown (bottom). White frames were used

to indicate the location of the lesion. Scale bar, 50 um.

zone (fig. S10). The ventricular and subventricular zones are also known
as the proliferative zone in the developing cerebral cortex. To address
whether maternal malnutrition and ZIKV infection affect neuro-
genesis, we examine proliferation with an antibody against anti-Ki67
to identify progenitors that were in any phase of the replicative cycle.
These cycling progenitors (Ki67") in the cortical proliferative zone of
E15 were reduced in the LP/ZIKV experimental group in comparison
to the other groups (Fig. 3C). Accordingly, the early-born infragranular
neurons [as identified by COUP-TF-interacting protein 2 (CTIP2)
antibody], which will occupy the layer V in the postnatal cortex,
were also reduced in the developing cortical plate (Fig. 3D).

ZIKV infection modulates gene expression in the developing
brain of malnourished pups

To determine the differential gene expression related to the de-
scribed embryonic phenotypes, we performed RNA-seq analyses in

Barbeito-Andrés et al., Sci. Adv. 2020; 6 : eaaw6284 10 January 2020

E15 brains. The combination of protein restriction and ZIKV pro-
duced large deregulation, particularly in genes involved in cell cycle
control, mitotic progression, and neural development (Fig. 4A). Using
a Circos plot analysis, we found 60 key clusters, indicating that a
small number of hub genes deregulate a large number of genes in
CZS (Fig. 4B). A critical pathway in neural stem cell proliferation,
neuron differentiation and assembly, and maintenance of neural cir-
cuits, the mammalian target of rapamycin (mTOR) signaling pathway,
is deregulated in LP/ZIKV (fig. S11). Beyond changes of entire
pathways, specific key genes exhibited interesting patterns. For in-
stance, genes related to neural development—such as Ncam2,
Shank1, and Icam5—were down-regulated in LP/ZIKV (Fig. 4C).
Moreover, Kir3di2, a receptor located at the surface of natural killer
cells and Cd46, which participates in T cell activation, were also down-
regulated in LP/ZIKV (Fig. 4C). In contrast, we found important
genes involved in antiviral (e.g., Rps3 and Ccrl) and inflammatory
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in the proliferative zone show a reduction of Ki67* cells (green) in LP/ZIKV cortex. Analysis of variance (ANOVA) F =3.838 (¥); least significant difference (LSD): Co/Mock
versus LP/ZIKV (*) (P-adj > 0.05), Co/ZIKV versus LP/ZIKV (*) (P-adj > 0.05), LP/Mock versus LP/ZIKV (*) (P-adj > 0.05), df = 3. DAPI, 4'-6-diamidino-2-phenylindole. (D) Immuno-
staining and quantification of early-born neurons labeled with CTIP2* (green). LP/ZIKV results in a reduction in cortical neurons compared with controls. ANOVA F=4.77 (¥); LSD:
Co/ZIKV versus LP/ZIKV (*) (P-adj > 0.05), LP/Mock versus LP/ZIKV (**) [P-adj < 0.05 (**)], df =3 (n =3 per each group; in all cases, three sections of each brain were quanti-

fied and averaged). *P < 0.05 and **P < 0.01. The error bar represents mean + SD. Scale bars, 50 um.

response (e.g., I116 and C1qtnf9) that were up-regulated in LP/ZIKV,
as well as genes that modulate apoptotic mechanisms, such as Cdk1
and PlkI (Fig. 4D).

Neonates from undernourished and infected dams have
reduced brain size

To understand whether those changes observed during embryonic
life result in postnatal differences compatible with phenotypes de-
scribed in CZS, we investigated postnatal offspring growth (Fig. 5).
In neonates, body weight was significantly reduced in LP/ZIKV (Fig. 5C),
while brain size was also impaired (Fig. 5, A, B, and D). Brains re-
constructed using micro-computed tomography (uCT) revealed the
microcephaly phenotype-like only in the LP/ZIKYV litters (Fig. 5A).
Cerebral cortex sections counterstained with DAPI (4'-6-diamidino-

Barbeito-Andrés et al., Sci. Adv. 2020; 6 : eaaw6284 10 January 2020

2-phenylindole) showed a reduction in the correspondent cortical
wall area of this group when compared with the other controls
(Fig. 5B). We found that LP/ZIKV brains were significantly smaller
than those of the other groups (Fig. 5D). Since body weight and
brain size are affected in LP/ZIKV, we examined whether brain size
in this group corresponds to that expected for its body size. Using a
linear regression between brain size and body weight, negative
residuals were obtained for LP/ZIKV, indicating that brain size is
relatively more affected than body weight in this group (fig. S12).
In addition, morphometric analyses revealed that the cortical size is
relatively more affected than the other brain areas in the LP/ZIKV
group (Fig. 5E). We also assessed differences in skull size and found
that LP/ZIKV specimens exhibited craniofacial growth impairment
(fig. S13).
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Fig. 4.LP and congenital ZIKV infection induce gene expression deregulation in embryonic brains. (A) Pathways reflecting biological processes that are deregulated
in the LP/ZIKV in comparison to Co/ZIKV after RNA-seq analyses. Only those with large significant differences are presented. (B) Circos plot showing the 60 hub genes,
most (red) and least (blue) expressed in LP/ZIKV (in comparison to Co/ZIKV) shared between relevant cellular processes. Individual selected genes that are significantly
down-regulated (C) or up-regulated (D) in LP/ZIKV in comparison to Co/ZIKV. FC, fold change.

DISCUSSION

Although ZIKYV is only responsible for mild symptoms in most adult
cases, the recent experience in the Americas has alarmed the bio-
medical community because of a sudden increase in congenital
abnormalities caused by this viral infection. Since CZS is distributed
heterogeneously, cofactors could play a role in this asymmetrical
pattern (9). Recently, it was suggested that fetal genetic background
could predispose to malformation development after ZIKV vertical
transmission (8). Beyond genetic predisposition, it was shown that
environmental factors, such as the previous exposure to dengue virus,
increase susceptibility to ZIKV congenital infection and lead to more
exacerbated phenotypic alterations in the brain (24). Since immune
status also depends on nutritional conditions, these are crucial elements
to understand differential infection outcomes (13). Here, we identify
the effect of nutritional restriction on CZS development.

First, we found that there is a positive correlation between regions
with a high index of undernourished patients and regions with a
high incidence of microcephaly cases registered during the ZIKV
outbreak in Brazil. Furthermore, we interviewed mothers of CZS
children and observed a reduced protein intake in approximately
40% of them. In comparison to the state and regional protein intake
average, CZS mothers show a significant protein restriction. More-
over, the values obtained in our sample of CZS mothers differ from
previously published references for pregnancies in other regions of
Brazil (16-18). It has been reported that CZS is more prevalent in
low-income populations (9, 11). Nutritional impairment has been
found to result in the compromise of several innate and adaptive
pathways of the immune system (25-28). Mainly, protein restriction is
an issue in those vulnerable populations with limited access to more
expensive food components (14). Together, on the basis of our data
and previous studies, we propose that nutritional status could, at
least partially, contribute to the asymmetrical prevalence of CZS.

The link between malnutrition and CZS was further investigated
in vivo with wild-type mice (fig. S14). Different reports have found
that adult wild-type mice under normal conditions are not very efficient
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in replicating and vertically transmitting ZIKV (6, 29), and conse-
quently, a large part of the research modeling ZIKV infection
in vivo used immunocompromised animals (6, 19, 29, 30). Although
vertical transmission of ZIKV is detected in some wild-type mice,
these animals do not model the primary microcephaly associated
with ZIKV infection (31), suggesting that disparities among models
might depend on the particularities of the experimental designs such
as ZIKV virus strain, amount of inoculated PFUs, and time between
inoculation and harvesting, among others. Here, immunocompetent
mice were used, allowing us to explore CZS in a context that better
reflect pathophysiological responses in humans. We found that
wild-type female mice exposed to protein restriction exhibit an in-
creased viral load in the maternal spleens 3 days after infection. Pre-
vious work has also shown that adult wild-type C57BL/6] females
infected with ZIKV intraperitoneally are capable of clearing the circu-
lating virus in the first dpi (32). These results indicate that LP animals
did not eliminate the circulating virus as soon as well-nourished
animals, suggesting that antiviral response may be compromised in
malnutrition. Differences in the maternal response to viral infection
between Co/ZIKV and LP/ZIKV could reflect variations in the
immunological maternal status, which might have an impact in the
developing embryos. It has been described that ZIKV preferably
replicates at the placenta (21). In our study, placentas from both
infected groups (LP/ZIKV and Co/ZIKV) had comparable viral loads
for total RNA detections, as measured by RT-qPCR. However,
immunohistochemistry labeling using anti-J2 (dsRNA) and anti-NS1
antibodies as well as PCR analyses on replicative intermediate
negative-strand RNA suggest that there are differences regarding
viral replication of ZIKV between Co and LP infected groups.
Placental damage caused by ZIKV has been proven to be an impor-
tant contributor to embryonic and fetal growth restriction (6, 19-21).
Vasculature damage signatures in the placenta of malnourished and
infected cases are comparable to what is described in other in vivo
models of ZIKV vertical transmission (19, 33). Moreover, necrotic
areas found in the labyrinth reflect severe pathological processes
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Fig. 5. LP mediates brain size reduction after ZIKV. (A) Representative three-dimensional reconstructions of brain anatomy of neonates obtained from uCT illustrate
size reduction in the LP/ZIKV group. Scale bar, 1 mm. (B) Coronal histological DAPI-stained sections also illustrate a cortical wall reduction (scale bar, 0.25 mm). The white
measurement indicates the cortex thickness in the Co/Mock group, illustrated with the same size in all the other groups for comparative purposes. (C) Quantification of
total body weight of newborns shows a significant decrease in the LP/ZIKV weight at PO. Kruskal-Wallis, 17.217 (***); multiple comparisons with Mann-Whitney U:
Co/Mock versus Co/ZIKV, Z=—1.724; Co/Mock versus LP/Mock, Z=—1.328; Co/Mock versus LP/ZIKV, Z=-3.634 (***); Co/ZIKV versus LP/Mock, Z=—-0.216; Co/ZIKV versus
LP/ZIKV, Z=-2.621 (**); and LP/Mock versus LP/ZIKV, Z=—-1.857. (D) Brain centroid size (CS), the square root of the summed squared distances of all digitized points to
the centroid of the configuration, was obtained after the digitization of the three-dimensional position of 57 anatomical points. Kruskal-Wallis, 22.541 (***); multiple
comparisons with Mann-Whitney U: Co/Mock versus Co/ZIKV, Z=—0.707; Co/Mock versus LP/Mock, Z=—1.768; Co/Mock versus LP/ZIKV, Z=—-3.158 (**); Co/ZIKV versus
LP/Mock, Z=-1.609; Co/ZIKV versus LP/ZIKV, Z=-2.982 (**); and LP/Mock versus LP/ZIKV, Z=—-3.530 (***). (E) The proportion of cortex centroid size in relation to total
brain centroid size. This proportion in LP/ZIKV group is smaller than in undernourished pups that have not been infected with ZIKV. Kruskal-Wallis, 13.743 (**); multiple
comparisons with Mann-Whitney U: Co/Mock versus Co/ZIKV, Z=—-0.354; Co/Mock versus LP/Mock, Z=—1.768; Co/Mock versus LP/ZIKV, Z=—2.216 (*); Co/ZIKV versus LP/Mock,
Z=-2.082 (*); Co/ZIKV versus LP/ZIKV, Z=—-1.76